We studied the effect of a high glucose (HG) environment on the vascular factors that are secreted by mesangial cells, and regulate endothelial growth and mesangial matrix deposition. To this effect, we measured the vascular factors in the glomeruli of streptozotocin-induced diabetic kidneys and in mesangial cells exposed to a HG concentration. We then transferred the media of mesangial cells previously exposed to high glucose to cultured endothelial cells to study the effects on endothelial growth, matrix formation, and in vitro capillary proliferation. In 1-week diabetic kidneys, glomerular vascular endothelial growth factor (VEGF) and angiopoietin-1 were inhibited by 38 and 57%, respectively, but angiopoietin-2 was increased by 318%. We found similar results in mesangial cells exposed to HG. There was a decrease of VEGF (50% by enzyme immunoassay, 27% by mRNA), decrease of angiopoietin-1 (65% by mRNA), and a much greater increase of angiopoietin-2 (280% by immunoassay, 523% by mRNA). Compared to controls, the media of mesangial cells previously exposed to HG impaired endothelial cell growth by 61%, increased extracellular matrix by 100%, and decreased capillary formation by 90%. We conclude that high ambient glucose alters the secretion of vascular factors elaborated by mesangial cells, resulting in an expansion of the endothelial cell matrix and disruption of capillary structure.
The mesangial cell plays a critical role in the pathogenesis of diabetic nephropathy by promoting the deposition of matrix that ultimately results in the loss of the glomerulus. In earlier studies, high ambient glucose has been shown to stimulate mesangial cells to lay down excessive amounts of matrix, both by increasing matrix synthesis 1 and by decreasing degradation. 2 This process is preceded and sustained by increased TGF-b1 and angiotensin-II expression in cultured mesangial cells [3] [4] [5] [6] and also in the streptozotocin diabetic rat kidney. 7 Other mechanisms that may cause matrix accumulation are not fully understood.
It is becoming increasingly accepted that vascular factors such as vascular endothelial growth factor (VEGF) and angiopoietins, although important for development, are also involved in the maintenance of the endothelial cell, its matrix, and the capillary structure in the postnatal life and adulthood. 8, 9 The pericytes (a cell of smooth muscle lineage) surrounding the endothelial cell synthesize these factors that act on the endothelial cell 10, 11 through receptors on the cell surface. Thus, a paracrine relationship exists between the endothelial cell and other neighboring cells, as was recently demonstrated in the developing and the postnatal mouse kidney. 12, 13 Conceptually, in healthy vascular tissue provascular factors (VEGF, angiopoietin-1) predominate, while in regressing or scarring vascular tissues the antivascular factors (angiopoietin-2) prevail. 14 In the glomerulus it is not clear which cell type acts as the pericyte, since both the visceral epithelial cells and the mesangial cells (specialized smooth muscle cells) are in direct contact with the capillaries. Indeed, VEGF synthesis has been demonstrated in mesangial cells [15] [16] [17] [18] [19] as well as in visceral epithelial cells (podocytes). [20] [21] [22] [23] [24] [25] [26] There are limited data on the localization of angiopoietins in the adult kidney, although in the developing kidney angiopoietins-1 and -2 have been localized to the glomerulus, including the mesangium. 12, 13 In one study on an adult human kidney, angiopoietin-1 was immunohistologically localized to the podocytes. 23 Thus, it appears that both the glomerular epithelial and the mesangial cell synthesize vascular factors, and may be serving the functions of a pericyte in maintaining glomerular capillaries.
We hypothesized that in disease states such as diabetes, the normal physiological relationship between the pericyte (like the mesangial cell) and endothelial cells is disrupted. High glucose (HG) could modulate the synthesis of vascular factors from the mesangial cells, in a manner that would adversely affect the growth and expand the matrix of endothelial cells, thereby damaging the capillary structure. To test this hypothesis, we measured VEGF 165 , angiopoietins-1, and -2 in cultured rat mesangial cells exposed to HG. We then tested the effects of mesangial media containing these altered vascular factors in vitro on endothelial cell proliferation, matrix accumulation, and capillary formation.
Materials and methods

Culture of Primary Rat Mesangial Cells
Primary cultures of mesangial cell were obtained by plating disaggregated glomeruli into culture dishes in RPMI 1640 medium with 20% fetal bovine serum (FBS) supplemented with glutamine (4 mM), insulin (0.67 U/ml), penicillin (100 U/ml), streptomycin (100 mg/ml) and HEPES (15 mM) buffer and differentially characterized as described earlier. 2, 4 The cultures were incubated at 371C in a humidified 5% CO 2 -95% air atmosphere. Media were changed every 3-4 days until the cells reached 100% confluence (after 20-25 days).
Culture of Endothelial Cells
Starter cultures of human umbilical vein endothelial cells (HUVEC) were obtained from Clonetics (San Diego, CA, USA). Cultures were maintained in a basal medium (EBM, Clonetics) supplemented with a growth factor mix EGM that contains 10 ng/ml epidermal growth factor, 1.0 mg/ml hydrocortisone, 12.0 mg/ml bovine brain extract, gentamicin (50 ng/ ml), amphotericin B (50 mg/ml), and 2%FBS as recommended and supplied by the manufacturer (Clonetics). Cells were passaged using calcium and magnesium-free HEPES-buffered saline solution. Endothelial cells were characterized by phasecontrast morphology, the presence of Von Willebrand's factor (Factor VIII) antigen, and by their ability to endocytose acetylated LDL. Cells between passages five and 10 were used for all experiments.
Treatment of Mesangial Cells with HG and Preparation of Cell-free Media and Cell Extracts
Confluent layers of rat mesangial cells growing in T-75 culture flasks were used. The medium was replaced with fresh serum-free RPMI medium that contained 10 mM glucose (normal glucose control (NG)) or 25 mM glucose (high glucose, HG) or 10 mM glucose þ 15 mM mannitol (high mannitol, HM, osmotic control). The cells were incubated at 371C in 5% CO 2 -95% air for 4 days. The cell-free medium was collected, aliquoted, and stored at À201C for VEGF 165 assay. The remaining sample was dialyzed, lyophilized, and reconstituted to 1/20 of the original volume for assays for angiopoietin-1 and -2. The cell layers were extracted for total RNA according to the method of using the guinidinium isothiocyanate and phenol-chloroform-based phase separation technique (Total RNA isolation kit, Promega, Madison, WA, USA). 27 The viability of cells after 4 days of incubation remained unchanged (viability by trypan blue dye exclusion NG ¼ 98.371.6%; HG ¼ 98.870.9%; and HM ¼ 98.572.1%, n ¼ 8).
Enzyme Immunoassays for VEGF 165 , and Angiopoietins-1, -2 A sandwich enzyme immunoassay was set up for measuring VEGF 165 using the Quantikinet murine VEGF assay kit from R&D Systems (Minneapolis, MN, USA). Henceforth, the mention of VEGF in the text will refer to VEGF 165 .
Competitive enzyme immunoassays were developed for angiopoietins -1 and -2 by sensitizing 96-well polyvinyl plate wells with 1 mg/ml of purified angiopoietin -1 or -2 peptides (200 ml/well) (Alpha Diagnostics, Inc., San Antonio, TX, USA) in 50 mM borate buffer pH 10.5 overnight at 41C. Following blocking with 200 ml/well of 5% bovine serum albumin (BSA) -1% Tween-20 in phosphate (10 mM)-buffered saline (NaCl 125 mM), pH 7.4 (PBS) the wells were incubated with anti-angiopoietin-1 (1:1000) or -2 (1:5000) (Alpha Diagnostics, Inc., San Antonio, TX, USA) and either standard concentrations of purified peptides (Alpha Diagnostics, Inc., San Antonio, TX, USA) or assay samples at 41C overnight at room temperature. After washing, the wells were incubated with 200 ml/well of anti-rabbit IgG -horseradish peroxidase conjugate diluted 1:10,000 in the BSA-Tween-PBS diluent. Following 1 h of incubation and washing, the bound conjugate was developed using 200 ml/well of substrate solution containing 0.2 mg/ml of O-phenylenediamine hydrochloride -0.03% H 2 O 2 in PBS at room temperature for 30 min. The reaction was stopped by addition of 50 ml/well of 5 N H 2 SO 4 and read in an ELISA reader (Molecular Devices, Sunnyvale, CA, USA). Angiopoietin levels were determined from the standard curve. VEGF and angiopoietin-1, 2 levels were normalized by the protein content of the cell layer. Protein was determined by the Bradford method (Biorad, Hercules, CA, USA) following detergent extraction of the cell layer.
Detection of mRNA Transcripts by Reverse Transcriptase -Polymerase Chain Reaction (RT-PCR)
The procedure was carried out in one step using 500 ng of total RNA according to the Promega RT-PCR system (Promega, Madison, WA, USA). The system uses AMV Reverse Transcriptase from Avian Myeloblasotosis Virus for first strand synthesis at 481C and thermostable Tfl DNA polymerase from Thermus flavus for second strand cDNA synthesis and DNA amplification. b-actin amplification was performed from the total RNA preparations (50 ng) as a control. 
Preparation of Conditioned Media of Mesangial Cells for Testing on Endothelial Cells
To test whether HG may affect endothelial cell growth and its matrix via vascular factors secreted by mesangial cells, we examined the effect of conditioned medium harvested from mesangial cells exposed to HG on endothelial proliferation ( 3 Hthymidine uptake), matrix accumulation, and in vitro capillary formation. Cell-free media were collected from mesangial cells incubated for 4 days with NG or HG, processed to equalize them in levels of gelatinases, glucose, salts and TGF-b1, and finally reconstituted in the endothelial cell media (ECM) as described below. The mesangial media were processed because in addition to the differences in the content of vascular factors in the NG and HG the media would also contain unequal amounts of other nonvascular factors such as glucose, TGF-b1 and gelatinase that can affect cell growth and matrix of other cells. Further, it was necessary to make up the conditioned media finally in the special endothelial cell media (EGM) as endothelial cells (HUVEC) require special factors for growth not present in the mesangial cell media (RPMI). To assure equalization of the nonvascular factors (glucose, TGF-b1 and gelatinase), these were measured in the original and reconstituted media.
As observed before 2 gelatinase activity (measured by fluorescent assay and zymography) was 50% less in HG (21 U/ml) compared to NG (44 U/ml). In order to remove and equalize the gelatinase amount in the two media, the media were incubated with an insolubilized gelatin affinity matrix (Sepharosegelatin gel, Pierce Chemical, Rockford, IL, USA) for 2 h at 41C followed by centrifugation, and repeating the adsorption step on the supernatant with fresh Sepharose-gelatin two more times. This treatment resulted in the removal of 495% of the original gelatinase in the two media as assessed by zymography. Next, the media were dialyzed at 41C (membrane cutoff 12 kDa) against water, lyophilized, and reconstituted to the original volume with the endothelial media. The glucose concentration (measured by the glucose oxidase method) in both the reconstituted conditioned media was 10 mM (endothelial media used for reconstitution was 10 mM in glucose), confirming that the dialysis completely removed the HG from the original HG mesangial media. TGF-b1 (measured by a sandwich immunoassay kit, R&D systems, Minneapolis, MN, USA) was expectedly present in higher amounts in the original HG (2.2 ng/ml) than in NG (1.2 ng/ml) media, 6 but it became negligibly low (o0.1 ng/ml) in both the final reconstituted media, because TGF-b1 is labile and was inactivated by dialysis and lyophilization during the preparation of the conditioned media. The media thus prepared were labeled as NG-CM (NG conditioned mesangial cell media) and HG-CM (HG conditioned mesangial cell media) for testing on the HUVEC. All such experiments included cell layers treated with control substances such as VEGF, angiopoietin-2 and an antagonist against VEGF receptor (recombinant mouseVEGF-R1/Flt-1 chimera) (R & D Systems, Minneapolis, MN, USA).
H-Thymidine Uptake
Endothelial cells (HUVEC) were grown to 70% confluence. The medium was changed to basal media (EBM) containing conditioned media or control substances (VEGF, angiopoietin-2 or antagonist against VEGF receptor) and 3 mCi/ml of 3 Hthymidine (ICN, Costa Mesa, CA, USA). The cells were incubated overnight at 371C in 5% CO 2 -95% air. The media were discarded and the cells were washed several times with ice-cold PBS to remove unincorporated 3 H-thymidine. The cells were then extracted in a small volume of 0.1% SDS, and precipitated with 10% trichloroacetic acid. The precipitates were re-dissolved in 1 N NaOH and mixed with 10 ml of scintillation fluid, and counted in a b-counter. Unextracted cells from other wells were detached by trypsinization and counted in a counting chamber. 3 H-thymidine uptake data were expressed as CPM/million cells.
Assay for Extracellular Matrix of Endothelial Cells
Extracellular matrix was measured as the release of peptides from cultures of HUVEC after treatment with clostridial collagenase -a powerful collagendegrading enzyme. Since clostridial collagenase may also have a protease activity, we performed preliminary experiments to establish conditions to maximize the collagenase action on the cultures with minimal protease action. Gelatin (a model collagen) and BSA (a model protein) were labeled with fluorescein isothiocyanate conjugate (FITC) as described before. 2 Each of these labeled proteins was mixed with clostridial collagenase (Sigma Chem Co., St Louis, MO, USA) in 10 mM PBS pH 7.4 containing 1 mM CaCl 2 and 1 mM ZnCl 2 (assay buffer) and incubated at 371C. The degradation of the FITC-albumin and FITC-gelatin was monitored by fluorescence spectroscopy (Ex 490 nm, Em 519 nanometers). As the FITC-labeled protein was degraded there was an increased emission signal at 519 nM due to the release of the FITC from its autoquenched state in the conjugate. We found that while gelatin was maximally degraded by clostridial collagease in 5 min, the degradation of albumin was only complete in 30 min with less than 5% degraded in the first 5 min. We then applied these conditions to the measurement of matrix in cultures of HUVEC as follows: cultures of HUVEC were washed with ice-cold assay buffer and layered with fresh buffer containing clostridial collagenase (10 mg/ml). The dishes were incubated at 371C for 5 min and the buffer media were collected from the dishes. Note that there was an unnoticeable cell detachment after 5 min of incubation with clostridial collagenase. The cell supernatants were centrifuged at 3000 rpm to remove cell debris, and their absorbance was measured at 280 nm in a spectrometer to quantitate the degraded peptides. Cell number was determined by cell counting from separate wells after trysinization of cell layers. The results were expressed as mg extracellular collagen/million cells.
In vitro Formation of Capillaries by Endothelial Cells
HUVEC were seeded in Lab-Tek chamber slides (Nunc, Naperville, IL, USA) prelayered with Matrigel s (diluted 1:6, 50 ml/well). The cells were allowed to reach 30-50% confluence. The Matrigel-layered slides offered a three-dimensional substratum.
Media were changed to fresh media containing NG-CM or HG-CM or control substances. After 24-48 h, the cell layers were fixed with 95% ethanol and stained with Safranin O (0.1% in distilled water) for 5 min and de-stained with distilled water and air-dried. The capillary networks were examined by light microscopy (Nikon Corporation, New York, NY, USA).
Capillary-like openings were quantitated by counting well-formed, complete circles of endothelial cells per 12 random high-power fields (500 Â) from three slides of each treatment.
Induction of Diabetes in the Rats by Streptozotocin Injection
Adult Sprague-Dawley rats (250-350 g wt) were injected i.v. with a single injection of streptozotocin (55 mg/kg) (Sigma Chem Co., St Louis MO, USA) in 5 mM acetate pH 5.0 buffer. After 24 h, rats were tested for blood glucose level using glucostrips (Walgren Pharmacy Deerfield, IL, USA). Animals with glucose levels above 16 mM were considered diabetic. A group of diabetic animals were treated with 1.5 U of insulin administered subcutaneously twice daily. Blood glucose and body weights were determined on alternate days and at the time of killing. Kidney weights were determined at the time of killing.
Tissue Processing for RNA Studies and Immunoassays
At 7 days after streptozotocin injection, the rats were anesthetized with sodium pentobarbital (35 mg/kg) and their kidneys were briefly perfused retrogradely with cold PBS (10 mM) NaCl (125 mM), pH 7.4. to remove blood. Following perfusion, the kidneys were removed and cut longitudinally to separate surgically the cortex from the medulla and papilla. Small portions of the cortex were processed for total RNA isolation as described above for RT-PCR. The larger portion of the cortex was used for the isolation of glomeruli by differential sieving in PBS containing protease inhibitors (Sigma Chem Co., St Louis, MO, USA), sonicated, and the homogenate was centrifuged at 13 000 g for 30 min. The clear supernatant (glomerular extract) was saved at -201C in the presence of 0.1% Triton X-100. VEGF and angiopoietin-1, -2 levels were determined in the extracts as described above and the results normalized by protein content of the extract. Protein was determined by the Bradford method (Biorad, Hercules, CA, USA). Western blotting was carried out as described before. 32 using chemiluminescent detection using anti-VEGF antibody from Neomarkers 
Results
mRNA Transcripts for VEGF, Angiopoietins-1, and 2 in Rat Kidney and Cultured Mesangial Cells
To validate the role of VEGF and angiopoietins in the adult rat tissue, we tested for the presence of mRNA transcripts in rat kidney cortex and cultured mesangial cells by RT-PCR. Both cultured mesangial cells and rat glomeruli contained mRNA transcripts for all three factors, VEGF, angiopoietins-1, and 2 ( Figure 1a, b) . The band sizes for VEGF, angiopoietins-1, and -2 were similar in the two tissues and according to predictions based on primer design and published cDNA sequences. In the case of VEGF two bands were observed, the lower corresponding to the predicted size of 347 bp and the higher band being in the 400 bp region. This higher molecular weight band was not further investigated in the present study, but may be one of an insertion isoforms of rat VEGF, hitherto unknown.
Changes in Vascular Factors in Diabetic Rat Glomeruli by ELISA and Western Blotting
Studies were performed in sham-injected normal rats (control), rats made diabetic by a single injection of streptozotocin, and in diabetic animals treated with insulin (treatment control). At 1 day after the streptozotocin injection, rats were hyperglycemic (422 mM blood glucose), and this persisted throughout the period of study. The diabetic animals showed loss in body weight (B20%) and increase in kidney weight (B18%). Insulin treatment partially ameliorated these changes.
Vascular factors were measured in glomerular extracts of control, 1-week diabetic, and 1-week diabetic animals treated with insulin. These extracts represented a mixture of cellular and extracellular milieu (see Materials and methods). Following 1 week of diabetes, VEGF levels in glomeruli decreased by 38%, angiopoietin-1 levels decreased by 57%, and angiopoietin-2 levels increased by 318% compared to controls. In insulin-treated rats, the levels of VEGF and angiopoietin-1 normalized to control levels, but angiopoietin-2 levels remained high (ELISA results in Figure 2a-c; representative Western blots in Figure 2d ).
Disturbance of Vascular Factors in Mesangial Cells After Exposure to HG
To extend the in vivo findings of changes in vascular factors in diabetic glomeruli and its impact on the endothelial cells we cultured mesangial cells for 4 days in HG (25 mM glucose) media to simulate diabetic conditions. Exposing cells to HG caused VEGF levels to decrease by 50%. Angiopoietin-1 remained unchanged and angiopoietin-2 increased by 280% compared to NG (10 mM glucose) control (Figure 3a-c) . In mesangial cells incubated with 10 mM glucose þ 15 mM mannitol (osmotic control), VEGF and angiopoietin-1 and -2 levels were similar to the NG control (data not shown). The inhibition of VEGF by glucose was also tested at different glucose concentrations. In 15 mM glucose, VEGF secretion was inhibited by 34% and at 30 mM glucose ; N ¼ 6 in each group. *Denotes statistical difference compared to control and @ compared to diabetic glomeruli at Po0.05. In diabetic glomeruli VEGF levels by ELISA decreased by 38% (a), angiopoietin-1 levels decreased by 57% (b), and angiopoietin-2 levels increased by 318% (c) above control. In insulin-treated rats the levels of VEGF and angiopoietin-1 normalized to control levels, but angiopoietin-2 levels remained high. Similar changes were seen by Western blotting (d).
concentration it was inhibited by 50%, a value similar to that observed with 25 mM glucose (data not shown). The VEGF and angiopoietins-1 and -2 concentrations in the cell extracts were 10-20 times lower than in the media and did not change with increasing glucose concentration (data not shown), suggesting that these factors were mostly secreted by the cells and did not accumulate in the cells.
RT-PCR for the quantitation of mRNA transcripts for the vascular factors in mesangial cell mostly confirmed the changes in the protein levels (Table  1) . mRNA for VEGF decreased by 27% and angiopoietin-2 increased by 523%. While angiopoietin-1 protein levels were unchanged by HG, as previously observed (Figure 3b) , the mRNA levels increased by 65%. Thus, the changes in vascular factors elicited by glucose were similar in vivo and in vitro (except for angiopoietin-1).
The time course of the decrease in VEGF in mesangial cell media after exposure to HG was gradual until day 3 and became significant compared to NG only by day 4 (data not shown). The increase in angiopoietin-2 was similar in that until day 3 there was a gradual increase, becoming significant by day 4 (data not shown).
Effect of Mesangial Cell
To test the effect of altered vascular factors from mesangial cell media on endothelial cell metabolism, we collected conditioned media from mesangial cells grown for 4 days either in NG-CM or HG-CM. The media were dialyzed to remove small molecules (o12 kDa), concentrated by lyophilization and reconstituted in PBS for further processing. The two conditioned media were biochemically equalized for glucose, TGF-b, and gelatinases as described in Materials and methods in order to avoid the confounding effects of nonvascular factors. The media were finally reconstituted in the endothelial cell media (containing normal glucose) for testing on endothelial cells.
The effect of the conditioned media on the growth of endothelial cells was tested by the 3 H-thymidine uptake assay. In the presence of HG-CM, 3 Hthymidine uptake by endothelial cells decreased by 61% compared to that observed in cells exposed to NG-CM ( Figure 4) . As the conditioned media contain a mixture of vascular factors, several controls were tested in parallel to interpret the results. These included VEGF alone, VEGF receptor antagonist to simulate low VEGF condition, angiopoietin-2 alone, and the combination of VEGF receptor antagonist and angiopoietin-2 to simulate the condition found in HG-CM as previously seen in Figure 3 . VEGF alone increased 3 H-thymidine uptake by 120%; VEGF receptor antagonist and angiopoietin-2 decreased 3 H-thymidine by 60 and 59%, respectively; and the combination of VEGF receptor antagonist and angiopoietin-2 further decreased 3 H-thymidine by 70% (data not shown). Based on these findings, it is likely that the inhibition of 3 Hthymidine uptake observed with HG-CM was caused by the low VEGF and high angiopoietin-2 shown previously to be present in the HG-CM (see Figure 3) .
As vascular factors can regulate the extracellular matrix of endothelial cells, we incubated endothelial cells with the conditioned media from mesangial cells and quantitated endothelial matrix. HG-CM increased extracellular matrix by 100% above that of NG-CM ( Figure 5 ). VEGF alone did not cause a significant change in the extracellular matrix, but the VEGF receptor antagonist and angiopoietin-2 increased matrix by 12 and 61% respectively and the two in combination caused an Figure 1) , the lower band of 347 bp was considered relevant and quantitated (see text). *P-value o0.05 compared to NG by Student's t-test.
increase of 114% in extracellular matrix (data not shown). These results suggested that the increase of the endothelial matrix by HG-CM was probably due to the low VEGF and high angiopoietin-2 content in the HG-CM. Endothelial cells form capillaries in vitro when these cells are grown on dishes coated with Matrigel s (Figure 6a, b) . Since this property is critically dependent on the balance of vascular factors, we tested the conditioned media on the in vitro capillary formation by endothelial cells. The conditioned media from NG-treated mesangial cells exerted a positive effect on the endothelial cells by promoting the in vitro capillary formation. In contrast, conditioned media from HG-treated mesangial cells inhibited capillary formation by 90% compared to capillaries formed by conditioned media from NG. VEGF and angiopoietin-2 were tested as the positive and negative controls, respectively, at concentrations of 0.625, 1.25, 2.5, 5.0, and 10.0 ng/ml. VEGF greatly facilitated the formation of in vitro capillaries at concentrations Z1.25 ng/ml. Angiopoietin-2 on the other hand, inhibited the formation of capillaries at concentrations Z5.0 ng/ ml ( Figure 7) . These results again suggested that the inhibition of capillary formation by HG-CM was due to the reduced VEGF and high angiopoietin-2 in the conditioned media.
Discussion
In this study, we observed that in early diabetic glomeruli and mesangial cells exposed to HG, VEGF In contrast, HG-CM inhibited capillary formation by 90% compared to NG-CM. Other controls consisting of media containing either VEGF or angiopoietin-2 were also tested. While VEGF (10 ng/ml) greatly facilitated the formation of in vitro capillaries, angiopoietin-2 (10 ng/ml) inhibited capillary formation. levels decreased and angiopoietin-2 levels increased. Transferring medium from HG-treated mesangial cells to cultured endothelial cells showed that this combination of low VEGF and high angiopoietin-2 affected the endothelial cells adversely. Treating endothelial cells in this manner inhibited cell proliferation, increased extracellular matrix, and disrupted capillary formation. These results provide strong evidence that HG disrupts the paracrine relationship between mesangial and endothelial cells by altering endothelial-specific vascular factors secreted by mesangial cells.
Our findings confirm earlier studies on kidney biopsies from diabetes patients and other glomerular diseases in which VEGF staining was also decreased in the glomeruli. 21, 33 However, this would seem to contradict an experimental study on diabetic rats in which VEGF mRNA levels in the cortex and glomeruli were increased, 34 but in which VEGF protein levels in the glomerulus or kidney cortex were not measured to support the mRNA results. Our findings in the mesangial cells are also contrary to those in diabetic retinae where VEGF levels are known to be elevated. 35 Such a differential tissue response to HG has also been reported in hypoxia where VEGF is increased in the lung and decreased in the kidneys. 36 The differentiation of the HUVEC to form capillaries in vitro is dependent on many factors. These include vascular growth factors (VEGF, angiopoietin-1, angiopoietin-2), 37 integrins, 38 extracellular matrix, 39 and insulin. 40 Since the conditioned medium from the high glucose treated mesangial cells contained an altered mixture of vascular factors, the medium was also tested for its ability to inhibit in vitro capillary formation by the endothelial cells. Indeed, the HG-CM disrupted capillary formation and resulted in looser and weaker endothelial cell associations, a finding consonant with the preponderance of antivascular factors (lower VEGF and higher angiopoietin-2) present in this medium.
One limitation of studying the effect of the rat mesangial cell media on the human endothelial cells is that these two cells originate from different species, a limitation that could not be avoided because of the known difficulty of culturing rat glomerular endothelial cells. For this reason, we chose the well-characterized HUVEC as the best endothelial cell model presently available to address the effect of HG on the paracrine interaction between mesangial cells and endothelial cells. These HUVEC are known to react to all the vascular factors we have studied, and the high crossreactivity of the murine and human angiogenic factors has been well established to make this paracrine system feasible. 29, [41] [42] [43] Furthermore, these cells respond to purified vascular factors to form capillary structures on matrix. 44 In conclusion, we have shown that mesangial cells produce the vascular factors VEGF, angiopoietins-1 and -2. The medium containing these factors promotes the differentiation of endothelial cells to form capillary-like structures and therefore is pro-angiogenic in its action. In mesangial cells exposed to HG, the mixture of vascular factors changed to an antiangiogenic combination that has a negative effect on the growth and matrix of endothelial cells including disrupting their differentiation and ability to form capillary structures. In the diabetic patient glucose itself is toxic to endothelial cells, [45] [46] [47] but the antiangiogenic vascular growth factors secreted by mesangial cells may cause an additional disruptive effect causing endothelial injury and leading to glomerulopathy.
